We have site-directedly linked a green fluorescent protein (GFP) variant and a β-cyclodextrin (β-CD) with a simple method to develop a basic complex for sophisticated supramolecules. We have confirmed β-CD grafting on GFP with several methods including matrix-assisted laser desorption/ionization linear time-of-flight mass spectrometry (MALDI-TOF MS) without protease digestion and characterized the complex as well. In consideration of the resulting properties, the product we plainly and efficiently obtained could have applications related to sensing devices and drug delivery systems.
Introduction
The green fluorescent protein (GFP) has been genetically and chemically manipulated to exploit its fluorescent properties to monitor bioprocesses. [1] [2] [3] Previously, we obtained GFP variants harboring unique surface Cys located at the 239th position around C-terminal for site-specific attachment of a fluorescent dye to perform efficient intramolecular fluorescence resonance energy transfer (FRET). 4 Using these GFP variants, we have fabricated sensing molecules to detect cellular events with space and time resolvability. 5 Cyclodextrin (CD), on the other hand, has been developed as a component of supramolecular assemblies for detection or delivery systems because of its ability to include various substances within its hydrophobic cavity. [6] [7] [8] Therefore we have generated CD-linked GFP variants to aim a reversible sensor through inclusion and exclusion ( Fig. 1) . Quantum dot FRET-based sensing molecules with CD and fluorescent dye have already been constructed for bio-imaging. 9 However, we consider that our GFP variants replaced by a Cys for site directed modifications would allow us to optimize FRET efficiency because of restricted orientation and distance. [10] [11] [12] [13] Moreover, we could add other functions to GFP by gene manipulation. Correspondent supramolecules consisting of fluorescent proteins and CD have been previously reported. 14, 15 But it requires elaborate procedures to obtain the complexes. We then introduced forthright processes to construct such complexes.
We selected β-CD owing to cavity properties. [16] [17] [18] We demonstrated how to graft β-CD as an alkyl iodide derivative for reduced Cys under moderate conditions. The products were directly applied to spectroscopic and matrix-assisted laser desorption/ionization linear time-of-flight mass spectrometry (MALDI-TOF MS) analysis to confirm the conjugation. Though MALDI-TOF MS is a suitable technique to acquire accurate information of fragmented peptides, 19, 20 GFP that adopt a β-barrel topology are highly resistant to proteolysis. 21 We further evaluated fluorescent and structural properties on β-CD grafted GFP through such analysis to certify possibilities of parts for a supramolecule. Here, we present the simple method on a selective modification of GFP with β-CD.
Experimental

Plasmid construction of the fluorescent protein
We used previously obtained plasmid pUV5casS22tag 6 encoding an adequate GFP variant for CD graft.
Fluorescent protein isolation
Isolation of the GFP variant with an unique surface Cys at 239th position and polyhistidine ( Fig. S2(a) , Supporting Information) was carried out as described in an earlier study. 22, 23 Briefly, pUV5casS52tag was transformed into Escherichia coli BL21(DE3) (Merck Biosciences, Whitehouse Station, NJ). The transformed bacteria were grown at 37 C in LB medium containing 75 μg/mL ampicillin for 12 h. Aliquots of cultured medium were diluted with fresh LB medium and grown at 28 C for 48 h. Bacteria were harvested and lysed with a lysis reagent (B-PER; Thermo Fisher Scientific Inc., Waltham, MA). The supernatant was obtained by centrifugation at 4 C to apply onto Ni 2+ -NTA resin (Qiagen, Düsseldorf, Germany) for purification of the target protein. 22, 23 The resulting protein was reconstituted in phosphate buffered saline (PBS) to check purity and oligomerization states using semi-denaturing (i.e., without heat denaturation) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Grafting of β-CD onto the fluorescent protein
Aliquots of 25 mM of 6-iodo-β-cyclodextrin (6-I-β-CD) solution in dimethyl sulfoxide (DMSO) and 12.5 μM of reduced protein solution in PBS were mixed and incubated at 4 C overnight followed by 4 h standing at 37 C. Excess 6-I-β-CD was removed with centrifugal filters (Amicon Ultra, 0.5 mL, 10K; Merck Millipore, Billerica, MA) and the recovered products were resolved in PBS for analysis.
SDS-PAGE of fluorescent proteins
Starting GFP, reacted compounds and molecular standard proteins (Bio-Rad Lab, Hercules, CA) were subjected to 12.5% SDS-PAGE under denaturing conditions and visualized by Coomassie Brilliant Blue staining. 24 
Circular dichroism (CD) spectroscopy of fluorescent proteins
CD experiments were conducted on a JASCO J-815 CD spectrometer with a Peltier thermostatted cell holder, PTC-423. The UV-visible spectra (205 -580 nm) were obtained in 1 cm path length quartz cuvettes with 2 mL of 0.5 μM fluorescent proteins in PBS under a resolution of 1 nm and a scan speed of 200 nm/min. Buffer blank spectra obtained under the same conditions were subtracted.
Results and Discussion
We performed SDS-PAGE under denatured conditions to compare products and the starting GFP variant (Fig. 2(a) ). We obtained a clear single band in the unmodified GFP variant lane, and nearly equivalent two bands in the products lane around 35000 molecular weight mobility. The second band detected in the product lane may have originated from the β-CD attached GFP variant. We occasionally observed some progression of mobility for a glycoprotein against plain protein on SDS-PAGE even with increasing molecular weight. We quantified residual SH amounts in the products by Ellman's reaction 25 as well. It indicated about 50% of SH still remained in the products compared to the starting protein (data not shown). We then performed CD experiments of the GFP variant and products (Fig. 2(b) ). The spectrum of the GFP variant coincided with the spectrum of enhanced green fluorescent protein with characteristic negative dichroic peaks around 218 and 488 nm due to high β-sheet content and fluorescent chromophore. 26 On the other hand, two dichroic peaks around 209 and 222 nm appeared in the spectrum of products. Both negative peaks were principally attributed to the existence of α helix (Fig. 2(b) inset left panel). However peaks around 480 nm remained negative in products' CD spectrum (Fig. 2(b) inset right panel) . The altered CD pattern was totally different from the spectrum of denatured GFP and its intermediates. 27 So this distinction suggested that there were some structural changes upon β-CD grafting. We next evaluated an emission pattern with twice the amount of protein of the products as the starting GFP variant that might contain nearly equal quantities of β-CD attached and unmodified GFP variants (Fig. S1, Supporting Information) . It demonstrated nearly double the intensity of fluorescence as that of the starting GFP. We think β-CD grafted GFP might emit a similar level of fluorescent intensity as the unmodified GFP. We also monitored fluorescence spectra after mixing of proteins and rhodamine B as a guest cnadidate 28 in 10 times (ratio 1) or 50 times (ratio 2) molar ratios of 1 μM of starting or β-CD modified GFP (Fig. 3) . Increases of fluorescence intensity owing to direct excitation of dye were merely shown in spectra from a mixed sample of unmodified GFP and the dye, while some decreases of fluorescence intensity on fluorescent protein and more increases of fluorescence intensity on dye over direct excitation were observed in products and dye mixing sample's spectra. Those results rendered possibilities of dye inclusion inside β-CD to interact with GFP's chromophore on the point of β-CD attached position suitable for energy transfer from GFP's chromophore. Moreover, it is plausible for polymerization of proteins contributing to stability of the inclusion complexation because of apparent high concentrations of host molecules.
MALDI-TOF MS without protease digestion was performed for unmodified GFP and β-CD modified products as well. Obtaining three different but analogous groups of peaks in the mass spectra of two samples (Figs. S2(b) and S2(c), Supporting Information), we analyzed the MALDI-TOF MS products based on the classification of protein domains by their tertiary structures from crystallographic studies (Fig. S2(a) , Supporting Information); GFP is a β-barrel consisting of 11 β-strands connected by loops 10, 11 and short helical regions of the N-and C-termini shown in Fig. 1 . The contrast in mass spectra basically suggested that the site-directed chemical reaction was carried out. We also attributed three groups ranked in ascending order by molecular mass to half molecules fragmented at loops, almost intact molecules and dimerized molecules by usual stacking, 29, 30 respectively. We have enlarged MS patterns as shown in the inset (Figs. S2(b) and S2(c) insets) to demonstrate patterns minutely. Throughout the assignment of these positively charged mass spectra as y or b series product ions, we considered dehydration and oxidation of GFP upon chromophore maturation. Assigned peaks are listed in Table S1 (Supporting Information). Symbol definitions are denoted in the legend. The MS patterns of two samples resulted in not only simple changes in molecular weight but also alterations in cleavage sites due to some distortions in the structure.
Conclusions
We indicated an uncomplicated method for grafting of β-CD on GFP to acquire potential parts of supramolecules based on GFP and β-CD. Circular dichroism spectral data and assignments on fragments of MALDI-TOF MS provided some ideas on steric effects of β-CD grafting, conformational changes. Interestingly, it did not cause any changes in fluorescent properties. But to establish practical FRET-based sensing probes, it is neccesary to obtain more devised complexes with high affinity to dyes for inclusion inside β-CD. A GFP derivative with dye attached N-terminal regions with interaction against β-CD immobilized opposite terminal might be one such candidate (Fig. 1) . This strategy may also be expanded to similar fluorescent proteins [31] [32] [33] and β-CD like molecules for grafting. Fig. 2 (a) SDS-PAGE of unmodified GFP variant and β-CD modified products. The starting GFP and the protein reacted with β-CD were applied to SDS-PAGE under denaturing conditions visualized by Coomassie Brilliant Blue staining. Molecular weights of standard proteins were shown at the left side of gel. (b) Circular dichroism (CD) spectra of unmodified GFP variant and β-CD modified products. UV-visible CD spectra (205 -580 nm) were obtained using 0.5 μM of unmodified GFP ( ) variant and β-CD modified products ( ) in PBS, respectively. UV CD spectra (205 -255 nm) were extracted from the total spectra in detail (inset left panel). Visible CD spectra were extracted from the total spectra in detail, too (inset right panel). Fig. 3 Emission patterns of β-CD modified products ( ) and unmodified GFP ( ) mixed with 10 times (about 10 μM, ratio 1) or those ( ), ( ) with 50 times (about 50 μM, ratio 2) quantities of rhodamine B by 488 nm excitations.
